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Hybrid automata and oscillatory behaviour in biological systems
In recent years joint research effort of the concurrency community and the systems biology community has resulted
in several successful formalisms and techniques for the modelling of complex behaviour of biological systems. One of
the types of behaviour that has attracted considerable attention is the oscillatory behaviour. For example, the circadian
clock is the biological mechanism responsible for the regulation of the daily rhythm of living entities by responding to the
periodic environmental change between light and dark. The pacemaker cells are another interesting example of oscillatory
behaviour: the cells create the rhythmical impulses of the heart and regulate directly its rate. The models of genetic
regulatory networks also exhibit oscillatory behaviour. While it may be possible to hypothesise the presence of oscillations
by observing the emergence of oscillatory behaviour at simulation time, rigorous formalisms to model, verify and regulate
such behaviour would be more beneficial as they would provide scientists with powerful tools to understand the biology
of complex systems. Conversely, the complexity of oscillatory behaviour stimulates a discussion within the concurrency
community on the suitability of hybrid automata and other formalisms as themeans for themodelling of stochastic, discrete
and continuous behaviour of biological systems.
This special issue contains revised and extended versions of papers presented at FBTC 2008, the second From Biology To
Concurrency and backworkshop held on 12th July 2008 in Reykjavik, Iceland (http://www.cs.le.ac.uk/events/FBTC2008) as a
satellite event of ICALP 2008, the 35th International Colloquium on Automata, Languages and Programming. The proceedings
of FBTC 2008 have appeared as ENTCS Volume 229, issue 1.
The aim of the FBTCworkshop series is to explore the ‘‘cross-fertilization’’ between computational sciences (concurrency
theory in particular) and biology (in particular at the cellular and molecular levels). In the From section of the workshop
the focus is on the life sciences aspects which increasingly influence concurrency formalisms and their theories. The Back
section of the workshop is intended to present models of biological systems as seen from the concurrency point of view
and therefore formalized as concurrent processes so that specific logics suitable for verifying biological properties can be
used. This special issue contains four selected papers that concern the modelling and detection of oscillatory behaviours in
biological systems.
Spontaneous synchronization happens frequently in nature. At the base of these phenomena are autonomous entities,
oscillators, that exhibit an oscillatory behaviour and that can influence one another. The aim of the work by Bartocci,
Corradini, Merelli and Tesei is to provide a general framework inwhich the behaviour of coupled oscillators can bemodelled
at different levels of abstraction. Thismeans that, on the one hand, an oscillator can be described as a very simple automaton
that represents the mere oscillation (with the frequency and the initial phase) without other details. On the other hand,
using locations, actions and non-determinism of timed automata one can specify a more complex system that exhibits
an oscillatory behaviour among other ‘‘internal’’ behaviours and states. Based on this framework the authors propose a
new logic (BOSL — Biological Oscillators Synchronization Logic) and the relative model checker that allows us to prove
synchronization properties, with or without a mathematical model of the biological system.
The presence of oscillatory behaviour is an example of an interesting behavioural property which characterises a variety
of biochemical systems. While it is possible to conjecture the presence of oscillations by observing them at simulation time,
a rigorous verification of their persistence, progressive dampening, or abrupt termination is a complex issue. The major
contribution of the paper by Ballarini and Guerriero is the definition of a query-based verification approach for the analysis
of stochasticmodels of biochemical systems.With respect to the analysis of oscillations, the authors show that the oscillatory
tendency of a stochastic model is reflected in the probability measure of oscillatory paths, which can be assessed by means
of dedicated Linear Time Logic queries.
Hybrid automata are a powerful formalism for the representation of systems, such as cellular organisms, that evolve
according to both discrete and continuous laws. Unfortunately, undecidability soon emerges when one tries to verify
automatically hybrid automata properties such as, for example, reachability. The paper by Campagna and Piazza focuses on
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semi-algebraic hybrid automata and shows which kind of approximations are necessary to keep complexity under control.
The authors propose several standard approximationmethods based on Taylor polynomials and ad-hoc strategies, and show
their effectiveness in observing, during the simulation, the oscillatory behaviour of the Repressilator model in terms of
oscillations in protein concentrations.
Bortolussi and Policriti present in their paper a new semantics of sCCP, the stochastic process algebra for the modelling
of biochemical systems, in terms of hybrid automata. In particular, the authors associate with each sCCP program both a
stochastic and a non-deterministic hybrid automata. They discuss themodelling aspects, including the effects of discreteness
and stochasticity on the behaviour of the system. The authors investigate the oscillatory behaviour of a mass-action model
of the circadian clock. They analyse the interactions responsible for oscillations and conclude that discreteness, more than
stochasticity, is the key ingredient acting as behavioural source in systems where the number of molecules is very low.
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